A detailed extended x-ray absorption fine structure ͑EXAFS͒ study of CuInSe 2 and CuIn 3 Se 5 on Cu-K, In-K, and Se-K edges was performed. It was found that CuInSe 2 and CuIn 3 Se 5 have well-defined local structure with the same average Cu-Se and In-Se bond lengths. They can be best described by structures containing weighted local tetrahedral cationic clusters around each Se: 2Cuϩ2In (kϭ8), and equal number of V Cu ϩCuϩ2In (k ϭ7) and V Cu ϩ3In (kϭ9), where k denotes the nominal number of valence electrons of the cation clusters. CuInSe 2 consists of 100% kϭ8 clusters and CuIn 3 Se 5 consists of 20% kϭ8 and 40% kϭ7 and 40% kϭ9 clusters. First-principles band structure calculations of various CuInSe 2 , CuIn 3 Se 5 and CuIn 5 Se 8 compounds confirmed that the average Cu-Se and In-Se bond lengths in various ordered vacancy structures are identical to within the calculation uncertainty, in agreement with the present EXAFS measurements. The first-principles calculations also find that the formation energy of several possible crystal structures for CuIn 3 Se 5 and CuIn 5 Se 8 are very similar, which explains why the long-range order of CuIn 3 Se 5 is not uniquely determined.
I. INTRODUCTION
Photovoltaic devices based on CuInSe 2 and related compounds have developed rapidly in the last few years, achieving high active area efficiencies 18.8% in small device. 1 The observed junction between ␣-CuInSe 2 and the In-rich compounds ͑e.g., CuIn 3 Se 5 ) appears to play an important role in the process. 2 Many works have been carried out to investigate the structure of this compound. A review of the reported structural studies of this compound is given in Table I . Palatnik and Rogacheva 3 first reported CuIn 3 Se 5 compound and assigned the crystal structure to space group of either I4 or I4 2m based on the observed extinction rule from x-ray powder diffraction data. Later, a refined structure solution was given by Hönle et al. 4 using single crystal x-ray diffraction data. They determined the space group P4 2c and proposed the name, P-chalcopyrite, for this phase. Tseng and Wert 5 proposed a vacancy-ordered structure model, with I4 symmetry, from transmission electron diffraction data. The proposed structure model, however, has stoichiometry of Cu:In:Seϭ1:5:8 rather than 1:3:5. Xiao et al. 6 studied the epitaxial CuIn 3 Se 5 thin film by transmission electron microscope. They constructed a structure model by introducing ordered point defects into chalcopyrite CuInSe 2 structure to account for the extra diffraction spots. They further suggested CuIn 3 Se 5 is an ordered defect chalcopyrite structure. Nomura and Endo 7 also constructed a structure model for CuIn 3 Se 5 from the same principle. Their model is not an ordered vacancy compound ͑OVC͒ although they referred it as an OVC in the paper. Hanada et al. 8 investigated the crystal structure of CuIn 3 Se 5 by combination of electron and x-ray diffraction. They limited the space group to I4 or I4 2m based on the observed extinction rule followed by powder x-ray data. They further determined the space group to be I4 2m from a convergent electron diffraction pattern along the ͓001͔ zone axis. They proposed a structure model ABIn 2 Se 4 for CuIn 3 Se 5 , which is represented by (Cu 0.8 V 0.2 )(In 0.4 V 0.6 )In 2 Se 4 ͑V denotes structure vacancy͒. It is clear from their structure model ͑Fig. 9͒ that the vacancy is randomly distributed in 2a and 2b sites along with Cu and In atoms. They concluded that CuIn 3 Se 5 is neither an OVC nor a defect chalcopyrite structure. More recently, Merino et al. 9 refined the CuIn 3 Se 5 structure using the structural models proposed by Hönle et al. 4 and Hanada et al. 8 based on their powder x-ray diffraction ͑XRD͒ data. They suggested the model proposed by Hönle et al. 4 is more reliable based on the argument that more realistic interatomic distances could be derived from the Rietveld refinement.
Zhang and co-workers 10, 11 proposed an ordered vacancy compound structure model based on the first-principles total energy calculations. Their model suggests that the OVC is stabilized by the formation of (2V Cu Ϫ ϩIn Cu ϩ ) defect pairs in a perfect CuInSe 2 crystal. It has a weighted distribution of three types of local tetrahedral around each Se: 2Cuϩ2In ͑denoted as kϭ8), V Cu ϩCuϩ2In ͑denoted as kϭ7), and V Cu ϩ3In ͑denoted as kϭ9). Here k is the sum of valence electrons of Se-centered nearest neighbor cations. The kϭ7 and 9 clusters occur in pairs and is close to each other to enhance the mutual Coulomb attractions. Therefore, CuIn 3 Se 5 can be described as having 20% of the kϭ8 cluster, and 40% each of the kϭ7 and 9 clusters.
The determination of the crystal structure of CuIn 3 Se 5 is also complicated by different techniques used in the characterization. The questions in single crystal x-ray structure determination are whether a true single crystal was used and the limitation in unique determination of the space group. Transmission electron microcopy is capable of choosing a single crystal to study. However, the intensity data are not easy to utilize. Although the observed transmission electron diffraction ͑TED͒ patterns in Tseng and Wert 5 and Xiao et al. 6 can be explained qualitatively by their proposed ordered vacancy structure models, their structure models can not be uniquely determined from the observed TED patterns and the intensity data were not used quantitatively.
To shed some light on this issue, we have studied the local structure of CuIn 3 Se 5 using the extended x-ray absorption fine structure ͑EXAFS͒ measurement performed on the Cu, In and Se K edges. The first-principles total energy calculations were also performed to compare with experimental data.
II. EXPERIMENTAL METHODS

A. Sample preparation
The samples were prepared from powder Cu 2 Se and In 2 Se 3 in boron nitride ͑BN͒ coated evacuated fused silica ampoules. The BN coating was used to prevent copper devitrification of the fused silica at high temperature. 12 These mixtures were then slowly heated to the melting temperature then gradually cooled to 700°C, and were kept in furnace at 700°C for a week to assure equilibrium. It is then quenched in liquid nitrogen. Powder XRD and wavelength dispersive x-ray spectroscopy were used to verify the formation of desired homogeneous single-phase materials.
B. EXAFS measurements and data reduction
The EXAFS specimens were prepared by grinding the synthesized polycrystalline material. The particle size distribution was characterized using a Horiba Capa-700 particle analyzer, which confirmed particles were less than ten microns in diameter with average particle size of 4 m. The sizes of these particles are smaller than the absorption length of CuInSe 2 at the Cu-K edge. The fine powder was spread over a transparent tape, taking care to uniformly distribute the powder and avoid pinholes. Same measurements were taken with samples of one and two layers of tapes to further test the influence of film thickness on the EXAFS spectra through self-absorption. No distortion was observed on the amplitude of the EXAFS spectra taken from these measurements. The EXAFS measurements were performed on the Materials Research Collaborative Access Team beamline of the Advanced Photon Source ͑APS͒ at Argonne National Laboratory, which uses an APS undulator A. The beamline optics incorporates a Si͑111͒ double crystal monochromator, and a Rh coated harmonic-rejection mirror, which was set to reject the second and higher order harmonics. The x-ray intensities were monitored using x-ray ionization chambers. Detector linearity was verified by attenuating the primary beam. The room temperature EXAFS spectra were measured in the transmission mode.
C. Data analysis
The collected data were analyzed by standard procedure 13 using the WINXAS package.
14 The experimental intensity data were first converted to absorption coefficient based on (E)xϭln(I 0 /I), where is x-ray absorption coefficient, E is the x-ray photon energy, x is the sample thickness, and I 0 and I are the intensities of the incident and transmitted beams, respectively. The resulted absorption spectra were then subject to pre-edge background removal. A typical Cu K-edge spectrum of CuInSe 2 is shown in Fig. 1͑a͒ . The next step was to convert the photon energy E to the photoelectron wave vector k via kϭͱ2m(EϪE 0 )/ប 2 , where m is the electron mass, and E 0 is the K-edge energy. The normalized XAFS spectra were obtained by subtracting the background 0 (k) from the measured absorption coefficient (k) and were normalized by the edge jump ⌬ 0 (0):
The resulting (k) oscillations, shown in Fig. 1͑b͒ , were then Fourier transformed into R space. The Fouriertransformed ͑FT͒ Cu-K edge R-space data are shown in Fig.  1͑c͒ . A square window was used to isolate the first-nearest- neighbor FT peak for inverse Fourier transforms. The analysis was not sensitive to types of windows when we analyzed the standard compound and the unknown under exactly the same conditions. The resulting first shell EXAFS spectrum is shown in Fig. 1͑d͒ . The same k-and R-space windows were applied to the data analysis for the spectra of CuInSe 2 and CuIn 3 Se 5 .
The standard EXAFS equation was used 13 to obtain quantitative information in the least square analysis;
A j (k) is the amplitude function, which is expressed as
Variables in Eqs. ͑2͒ and ͑3͒ include N j , the number of atoms in jth shell; R j , the mean distance between the absorbing atom and the jth shell; F j (k), the magnitude of the backscattering amplitude of the jth neighbor atom; ␦ j (k), the electronic phase shift due to the atomic potentials; and 2 , the corresponding mean-square relative displacement. S 0 is the amplitude reduction factor representing central atom shake-up and shake-off effects, and (k) is the photoelectron mean free path.
The amplitude function, A j (k), and phase shift, ␦ j (k), for the Cu and In K edges were extracted from the CuInSe 2 spectra using the known structural data. The ab initio multiple-scattering code FEFF7 ͑Ref. 15͒ was used to calculate F j (k), ␦ j (k), and (k) for Se K-edge data analysis.
III. RESULTS
A. Cu local structure
The Cu-K edge EXAFS spectra and FT-R space data for CuIn 3 Se 5 and CuInSe 2 are shown in Figs. 2͑a͒ and 2͑b͒. The first FT peak appears at about 2.1 Å is attributed to the scattering of first nearest neighbors ͑Se͒. The second broad peak around 3.9 Å arises from interaction with the second nearest neighbors ͑Cu, In͒. The isolated first shell spectra for CuInSe 2 and CuIn 3 Se 5 are given in Fig. 2͑c͒ . It is clear that the two spectra are almost identical except the one for CuIn 3 Se 5 has a slightly larger damping coefficient. This indicates the local structures ͑i.e., the bond length, d Cu-Se , and the number of nearest neighbors, N͒ around the Cu atoms in these two semiconductor alloys are nearly the same. To obtain quantitative data a least squares fit to the standard EX-AFS equation was performed.
Structural parameters of chalcopyrite CuInSe 2 are needed for obtaining the amplitude function, A j (k), and phase shift, inter-atomic distances depend on the Cu occupation number based on x-ray powder diffraction and Rietveld refinement. However, our EXAFS experimental results and first principle calculations do not support their model. 22 EXAFS measurements at the Cu K edge of slightly different compositions of nominally CuInSe 2 reveal that the Cu-Se interatomic distance is independent of the composition. The result is consistent with first-principles total energy calculations for this system. The calculations show the Cu-Se bond length is independent of the Cu occupation number while the In-Se bond length decreases only slightly when the Cu occupation decreases. Their observation could be well explained by partial disorder of Cu and In cation sites through the formation of short-range CuInSe 2 polytypes. 17 are adopted here for chalcopyrite CuInSe 2 structures. The least square fits of the k-weighted data at 298 K are shown in Fig. 2͑d͒ . The obtained structural parameters are given in Table III . The fitting results confirmed the Cu-Se interatomic distance is conserved between CuInSe 2 and CuIn 3 Se 5 within an estimate uncertainty of 0.005 Å. The nearest neighbor coordination number for Cu is fixed at 4 for the least square fitting in both phases.
B. In local structure
The In K-edge FT-R space data for CuIn 3 Se 5 and CuInSe 2 are given in Fig. 3͑a͒ . The first FT peak arises at 2.26 Å from the scattering of first nearest neighbors ͑Se͒. The isolated first shell spectra for CuInSe 2 and CuIn 3 Se 5 are given in Fig.  3͑b͒ . The two spectra are almost identical. This indicates the first nearest neighbor environment ͑i.e., bond length d In-Se and number of nearest neighbors, N͒ around In atoms in these two semiconductor alloys are identical. The least square fits of the k-weighted data at 298 K are shown in Fig.  3͑c͒ . The fitted structural parameters are given in Table III . The fitting results confirmed the In-Se interatomic distance is conserved between CuInSe 2 and CuIn 3 Se 5 within an estimate uncertainty of 0.005 Å. The nearest neighbor coordination number is fixed at 4 for the least square fitting.
C. Se local structure
The Se-K edge raw x-ray absorption data, k 2 (k) spectra, and FT-R space data for CuIn 3 Se 5 and CuInSe 2 are shown in Figs. 4͑a͒ and 4͑b͒ . Unlike the Cu K-edge data, the first peak shows interference ͑with a shoulder͒. This interference is caused by the mixing of the two kind of nearest neighbors ͑Cu and In͒ surrounded the Se, as can be seen from the FEFF7 analysis. The Se-center tetrahedron of chalcopyrite CuInSe 2 consists of two Cu atoms and two In atoms around the central Se atom. Similarly, CuIn 3 Se 5 can be described as a normal tetrahedral structure with 20% unoccupied cation tetrahedral sites. The first shell Se-K edge EXAFS data should reveal the number of nearest neighbors in the ratio of Cu:In:V Cu ϭ1:3:1, if CuIn 3 Se 5 did belong to the defecttetrahedral structural family. Fig. 5͑b͒ . The fitting results ͑Table IV͒ confirm that CuIn 3 Se 5 does belong to the defect-tetrahedral structure, which is characterized by vacant tetrahedral site in the Secentered tetrahedron. The data are consistent with the model proposed by Zhang et al., 10 which suggested that the structure of CuIn 3 Se 5 consists of three types of local tetrahedral cationic clusters around each Se: V Cu ϩCuϩ2In (kϭ7), 2Cuϩ2In (kϭ8), and V Cu ϩ3In (kϭ9).
D. First-principles calculation
We have also studied the local crystal structures of various CuInSe 2 , CuIn 3 Se 5 , and CuIn 5 Se 8 compounds using the first-principles band structure method. 24 To choose the crystal structures, we have followed the two guidelines: ͑a͒ The arrangement of atoms in these structures has minimal deviations from the octet rule, and ͑b͒ they have low Coulomb energy. For CuInSe 2 the three prototype structures that satisfy these conditions are shown in Fig. 6 . Based on the arrangements of the cations, they are denoted as chalcopyrite ͑CH͒, CuAu-like ͑CA͒, and primitive ͑P͒ structures. All three CuInSe 2 structures have the same first nearest neighbor local structures for Cu, In, and Se. For CuIn 5 Se 8 , the six structures we have studied are shown in Fig. 7 . A close look of the structures in Fig. 7 shows that these structures can be obtained from CuInSe 2 in Fig. 6 Our total energy calculations show that for CuIn 5 Se 8 , the structure shown in Fig. 7͑d͒ has the lowest energy among the six OVCs. However, we also find that the total energy differences between the six CuIn 5 Se 8 structures are small. With respect to the lowest energy type-D structure, the total energy of the type-A, type-B, type-C, type-E, and type-F structures are only 4, 4, 1, 6, and 8 meV/atom higher, respectively. Similar results are obtained for CuIn 3 Se 5 as well as for CuInSe 2 . These results indicate that despite the local environment of OVCs are well defined, containing weighted 2,1/2,1) a. The calculated site occupations for the proposed structure are shown in Table V along with the experimental data. We see that the agreement is reasonably good. Similarly, the CuIn 3 Se 5 model proposed by Nomura's et al. 7 can be described as a superposition of CA-CuInSe 2 and type-A CuIn 5 Se 8 , and the model proposed by Hönle et al. 4 can be approximated as a superposition of P-CuInSe 2 and type-F CuIn 5 Se 8 . Our total energy calculation for CuIn 3 Se 5 shows that the structure model of Hanada et al. 8 and Nomura et al. 7 have the same total energy, while the structural model of Hönle et al. 4 is only about 4 meV/atom higher than the other two models. These results further confirm that the ac- We have calculated the equilibrium bond lengths in the various OVCs. We find that, within our calculation uncertainty of about 0.005 Å, Cu-Se bond lengths in all these OVCs are independent of the stoichiometry and atomic configurations. For the In-Se bond lengths, we find that it increases linearly with the k number with R In-Se (kϭ9) ϪR In-Se (kϭ7)ϭ0.06 Å. However, the averaged In-Se bond lengths are constant within 0.01 Å, decreases slightly as Cu occupation decreases. The theoretical results are consistent with the present EXAFS measurements. The calculated standard deviation for the averaged In-Se bond lengths is around 0.03 Å. To further investigate this problem, temperature dependent EXAFS measurements are required to distinguish the static structural disorder from the thermal disorder.
IV. DISCUSSIONS
It was found that the Cu and In first nearest neighbor local structures in CuIn 3 Se 5 are almost identical to those in CuInSe 2 with constant average Cu-Se and In-Se bond lengths within 0.01 Å. However, the Se first nearest neighbor local structures in these two compounds are quite different. The least-square fitting of Se K-edge EXAFS spectra indicated CuInSe 2 was consisted of Se-centered tetrahedron with average two Cu and two In as nearest neighbors. On the other hand, CuIn 3 Se 5 was consisted of Se-centered tetrahedron with average 0.8 Cu and 2.4 In as nearest neighbors. This result directly proved that CuIn 3 Se 5 is indeed a defect tetrahedral structure. CuIn 3 Se 5 can be best described by structures containing weighted local tetrahedral cationic clusters around each Se: 2Cuϩ2In (kϭ8) ͑20%͒, and an 8 is given in Fig. 9͑b͒ . This structure model will produce both Cu-Se and In-Se bond lengths of equal value ͑2.49 Å͒. In addition, the assigned Se position could not reproduce the powder XRD pattern, especially the 101 reflection. The Se position would have to move from the ideal zinc-blende position to produce the 101 reflection at similar magnitude. Merino et al. 9 refined Hanada's I4 2m structure model using powder XRD data. XRD determines the distance between crystallographic sites. In contrast, EXAFS measures the average local structure around a specific type of atom, including inter-atomic distances. It is clear that the local structures of these crystals are well defined based on the EXAFS data and firstprinciples calculations, however, the long-range order structure is not. This is clearly evident from examining the various structure solutions for CuIn 3 Se 5 . All structure solutions have cation sites shared by Cu, In, and the vacancy in varying degrees. For example, In shared M 1 and M 3 sites with Cu and a vacancy in Hönle et al.'s 4 model. M 1-Se and M 3-Se distances are actually an average of In-Se, Cu-Se, and vacancy-Se distances. Furthermore, the disorder in the cation sublattice also lead to a displacement of the Se atoms from its crystallographic site position to maintain the equilibrium bond distance according to its local environment. This observation is consistent with the vacancy relaxation mechanism proposed by Hönle et al. 4 This anion displace- One difficulty associated with determining the structure of these compounds is identifying the symmetry. As suggested by the EXAFS and XRD data, the Se atoms do not occupy the assigned atomic positions based on one space group symmetry. Rather, the system maintains a short-range order and the anion always displaces in a way to reserve the equilibrium Cu-Se and In-Se bond lengths. The long-range order, which gives the superlattice peaks, is not uniquely determined in this system because many structures have very similar total energies based on first principle calculations. This could explain why very different electron diffraction patterns were reported for CuIn 3 Se 5 .
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V. SUMMARY
We have studied the crystal structure of CuInSe 2 and CuIn 3 Se 5 using EXAFS measurements and first-principles total energy calculations. We find that the Cu and In first nearest neighbor local structures in CuIn 3 Se 5 are almost identical to those in CuInSe 2 . However, the Se first nearest neighbor local structures are different. In CuInSe 2 Se has two Cu and two In as nearest neighbors. On the other hand, in CuIn 3 Se 5 Se has in average 0.8 Cu and 2.4 In as nearest neighbors. These results directly proved that CuIn 3 Se 5 is indeed a defect tetrahedral structure. The local structure of CuIn 3 Se 5 is well defined. It can be best described by structures containing 20% kϭ8 (2Cuϩ2In), and 40% each of kϭ7 (V Cu ϩCuϩ2In) and kϭ9 (V Cu ϩ3In) clusters around each Se. From the EXAFS analysis, we have found the average Cu-Se and In-Se bond lengths are the same for CuInSe 2 and CuIn 3 Se 5 . This is in contrary to all published structural models for CuIn 3 Se 5 . First-principles total energy calculations were also performed to help elucidate this discrepancy. The calculations indicate that the equilibrium Cu-Se bond lengths are the same in various OVCs. The equilibrium In-Se bond lengths increase slightly with k, but the averaged In-Se bond lengths are the same for CuIn 3 Se 5 and CuInSe 2 , within 0.01 Å. The discrepancy on the bond lengths between present results and early studies are explained through cation and anion sites disorder. Finally, we show that the formation energies of various crystal structures for CuIn 3 Se 5 are very similar. This could explain why different crystal structures of this In-rich compound have been observed.
